The main purpose of this study was to evaluate the inhibitory effect of glycerol-iron oxide thin films on Methicillin-Resistant Staphylococcus aureus (MRSA). Our results suggest that glycerol-iron oxide thin films could be used in the future for various biomedical and pharmaceutical applications. The glycerol-iron oxide thin films have been deposited by spin coating method on a silicon (111) substrate. The structural properties have been studied by X-ray diffraction (XRD) and scanning electron spectroscopy (SEM). The XRD investigations of the prepared thin films demonstrate that the crystal structure of glycerol-iron oxide nanoparticles was not changed after spin coating deposition. On the other hand, the SEM micrographs suggest that the size of the glyceroliron oxide microspheres increased with the increase of glycerol exhibiting narrow size distributions. The qualitative depth profile of glycerol-iron oxide thin films was identified by glow discharge optical emission spectroscopy (GDOES). The GDOES spectra revealed the presence of the main elements: Fe, O, C, H, and Si. The antimicrobial activity of glycerol-iron oxide thin films was evaluated by measuring the zone of inhibition. After 18 hours of incubation at 37 ∘ C, the diameters of the zones of complete inhibition have been measured obtaining values around 25 mm.
Introduction
During the last decade, iron oxide nanoparticles such as magnetite (Fe 3 O 4 ) and/or maghemite ( -Fe 2 O 3 ), with various coatings and diameters of 3-30 nm, have been used in biological applications [1] for diagnostics and/or cancer treatment. Recently, functionalized magnetic nanoparticles have been applied in a range of new biomedical and diagnostic applications such as magnetic resonance imaging (MRI), contrast agents [2, 3] , targeted drug delivery [4] , molecular biology [5] , DNA purification [6] , cell separation [7] , and hyperthermia therapy [8] .
The biocompatibility and low toxicity of functionalized iron oxide magnetic nanoparticles [9] [10] [11] with different biopolymers are crucial parameters for various applications.
Two of the phases of iron oxides, Fe 3 O 4 and -Fe 2 O 3 , present a major interest in numerous applications due to their particular magnetic properties and because iron oxide nanoparticles consist of nontoxic elements several new researches have focused on iron oxide thin films [12] .
In previous studies, the growth of hematite ( -Fe 2 O 3 ) thin films by reactive evaporation of iron in an oxygen atmosphere [13] was reported. Akl [14] in her studies on optical properties of crystalline and noncrystalline iron oxide thin films deposited by spray pyrolysis showed that the film structure changed from noncrystalline to crystalline at the same substrate temperature. Moreover, Akl [14] demonstrated that the effect of substrate temperature as well as the deposition time can influence the optical properties, with the optical constants being dependent on the film thickness and independent of the growth temperature. Previous studies have proved that nanoparticles can contribute to bactericidal effects [15] . According to Taylor and Webster [16] , iron oxide nanoparticles may bring some supplementary benefits for biofilm treatment. In their studies on the use of superparamagnetic nanoparticles (SPION) for prosthetic biofilm prevention, they showed that SPION can be used for numerous anti-infection orthopedic applications [16] .
The spin coating method used to deposit glycerol-iron oxide thin films is a simple, inexpensive technique and a promising candidate for obtaining biocompatible surfaces for potential applications in the medical field. The specific characteristics of nanoscale iron oxides particles were determined in order to use them in a variety of different applications. On the other hand, glycerol is a natural antimicrobial agent and a common ingredient found in food and cosmetics. According to Projan et al. [17] , low concentrations of glycerol can inhibit various staphylococci. Moreover, recent studies [18] have shown that the monolaurate glycerol can inhibit growth of Candida and Gardnerella vaginalis bacterial strains in vitro and in vivo, inhibiting the signal transduction at microbial plasma membranes.
This study also reports the preparation and characterization of glycerol-iron oxide layer. Firstly, we synthesized glycerol stabilized with iron oxide nanoparticles in normal atmospheric conditions by coprecipitation method. Secondly, glycerol-iron oxide thin films were prepared by spin coating deposition. The glycerol-iron oxide nanoparticles and glycerol-iron oxide thin films were characterized by XRay diffraction (XRD) and scanning electron microscopy (SEM). The qualitative chemical analysis of the glycerol-iron oxide thin films was evaluated by glow discharge optical emission spectroscopy (GDOES). Finally the inhibitory effect of glycerol-iron oxide layer on methicillin-resistant Staphylococcus aureus (MRSA) was investigated. [19, 20] . The resulting solution was added drop by drop into 200 mL of NaOH (1 M) containing 50 mL glycerol. The suspension was vigorously stirred for 1 h and heated another 2 h at 80 ∘ C. Glycerol coated magnetic iron oxide nanoparticles were purified by ultrafiltration after centrifugation at 10000 rpm for 60 min. The resulted glycerol-iron oxide nanoparticles were redispersed in ethanol solutions containing 25 mL (GIO-1) and 50 mL (GIO-2) glycerol under vigorous stirring. Finally, one milliliter of the solution was pipetted onto the substrate (commercially pure Si), and the substrate was spun at 1000 rpm for 30 s. The resulting films were annealed in air at 60 ∘ C for 2 h immediately after coating and then heated at 100 ∘ C for 1 h in vacuum to remove excess solvent and to further densify the film [9] .
Experimental Section

Characterization Methods.
The samples were characterized for phase content by X-ray diffraction (XRD) with a Bruker D8-Advance X-ray diffractometer in the scanning range ∘ using Cu K (1.5416Å) incident radiation. The morphology of the material was studied using a Quanta Inspect F scanning electron microscope (SEM). The top surface analysis of the samples was studied by Glow Discharge Optical Emission Spectroscopy (GDOES) [21, 22] using a GD Profiler 2 from Horiba/Jobin-Yvon. The technique is suitable for thin film analysis and permits determining the chemical gradient composition from the surface to the bulk and, if the ablation rate can be estimated, to determine the thickness of different layers of the nanocomposite materials [23, 24] .
Methicillin-resistant Staphylococcus aureus (MRSA) bacterial strain was obtained from Polymed Medical Center, Bucharest, Romania. The MRSA strain used in this study was isolated from an abdominal wound after right hemicolectomy. The MRSA strain clinically isolated is believed to be most representative for this type of bacteria. The bacteria were cultured at 37 ∘ C in blood agar with 5% sheep blood and a chromogen agar medium CPS3 (Biomerieux Franta). The final working concentration was of 1 × 10 6 CFU mL −1 . MRSA was typed with the latex agglutination assay Slidex Staphylococcus Detection (no. 73117, Biomerieux, Marcy l'Etoile, France) using a cefoxitin disk [25] according to [26] . For this strain a resistance profile was determined using the Kirby-Bauer method with multidisc (Bio-Rad, DF, Mexico) and CLSI guide 2014 edition.
Results and Discussions
The XRD investigations of dried GIO nanoparticles are illustrated in Figure 1 . Based on XRD data refinement, the GIO nanoparticles synthesized by coprecipitation method showed characteristic peaks which are assigned to the (220), (311), (400), (422), (511), and (440) reflections of the mixture of the spinel phases maghemite ( -Fe 2 O 3 ) and magnetite (Fe 3 O 4 ). The proportion of the two phases was calculated by Rietveld refinement for the GIO nanoparticles. The maghemite ( = 0.835 nm) was found in proportion of 91.9116% ± 0.119 while the magnetite ( = 0.840 nm) was found in proportion of 8.0884% ± 0.236. According to previous studies [27] it should be noted that the standard XRD patterns of ( -Fe 2 O 3 ) and (Fe 3 O 4 ) are difficult to distinguish. The calculated mean size of the nanoparticles was about 7.7 ± 0.023 nm.
SEM analysis was used to observe the morphology of GIO nanoparticles and GIO thin films (GIO-1 and GIO-2). In Figure 2 the SEM image of GIO nanoparticles is presented. The SEM image shows that the glycerol coated iron oxide nanoparticles are spherical and their average diameter is about 9 ± 1 nm. Therefore, the average size of the nanoparticles deduced by SEM investigations is in good agreement with XRD analysis. The XRD patterns of GIO-1 and GIO-2 thin films are also similar and conserve the structure of GIO nanoparticles (Figure 3) . The reflections were assigned to the spinel phases ( -Fe 2 O 3 magnetite Fe 3 O 4 ). The sizes of GIO-1 and GIO-2 thin films were calculated by Sherrer's formula [28] . The average particle sizes of GIO-1 and GIO-2 thin films were estimated to be 18.7 ± 1 nm and 24.8 ± 1 nm, respectively, deduced from the position of characteristic peaks assigned to the (311), (400), (511), and (440) reflections.
The XRD investigations of GIO-1 and GIO-2 thin films demonstrated that the crystal structure of GIO nanoparticles does not change after spin coating deposition.
The morphology and mean nanoparticle diameters of GIO thin films (GIO-1 and GIO-2) are illustrated in Figure 4 . The SEM images of GIO thin films (GIO-1 and GIO-2) show a homogenous surface structure. The sizes of the glycerol-iron oxide microspheres obtained on the thin film surfaces exhibit a narrow size distribution (Figure 4) . After acquiring SEM micrographs on different areas of the two thin films (GIO-1 and GIO-2), statistical histograms have been performed. These histograms showed that the mean nanoparticle diameters have values around 19.9 ± 0.07 nm for the GIO-1 thin film (Figure 4(c) ) and around 23.9 ± 0.11 nm for the GIO-2 thin film (Figure 4(d)) .
Furthermore, the size of the spherical microspheres increases with the increase of glycerol amount (GIO-2).
Glow discharge optical emission spectroscopy (GDOES) is an atomic emission spectrometer system that can be used mainly to analyze elemental composition of solids, liquids, and gases [29] . In our studies, the GDOES method was used for qualitative determination of the constituent elements in the films. According to Jakubéczyová et al. [30] , from the concentration profiles it is possible to approximately deduce the layer thickness. However, errors are to be expected in this type of recalculation. Moreover, Vnouček [31] in her studies on "Povrchové efekty při GDOES (Surface Effects at GDOES)" affirms that there is no universal way for the elimination of these inaccuracies and it is necessary to carry out individual calibrations. Similarly, Payling et al. [32] in their studies showed that depth calculation from GDOES measurements is the result of several steps, "each bringing potential uncertainties. " The elemental distribution from coating to substrate with glycerol-iron oxide nanoparticles was investigated using GDOES depth profile. GDOES spectra were acquired for thin films of glycerol-iron oxide nanoparticles dispersed in ethanol solution containing 25 mL (GIO-1) and 50 mL (GIO-2) glycerol under vigorous stirring and deposited on a pure Si substrate ( Figure 5) .
The results shown in Figure 5 reveal the distribution of the main elements of the coating and substrate along the depth direction including Fe, O, C, H, and Si. Interpretation is not easy but it is clear that the oxygen content increased at the top surface of the GIO-1 and GIO-2 thin films and the iron content remained constant up to a certain depth for the coating obtained for the two layers. Also, the carbon and hydrogen contents were higher in the coating obtained from glycerol-iron oxide nanoparticles dispersed in the ethanol solution containing 50 mL glycerol (GIO-2). From Figure 5 we also observe that the GIO-2 profile exhibits higher silicon concentrations compared to GIO-1 profile, while the oxygen concentration is slightly higher for GIO-1 compared to the GIO-2; this might be linked to the coverage of the layer on Si over the sputtered area (4 mm).
The objective of our study was to investigate the antibacterial activity of glycerol-iron oxide thin films (GIO-1 and GIO-2) on Methicillin-Resistant Staphylococcus aureus bacterial strain. The second substrate, from Figure 6 (B), is faded because the glycerol-iron oxide ratio is greater than the one used in Figure 6 (A). The increase of the amount of glycerol in the sample leads to a discoloration of the solution used for layer deposition. The antimicrobial activity of glycerol-iron oxide thin films was evaluated in triplicate by measuring the zone of inhibition after 18 hours of incubation at 37 ∘ C. After incubation, the diameters of the zones of complete inhibition (seen with the naked eye) were measured. Around glyceroliron oxide thin films onto commercially pure Si substrate we can see the bright inhibition zones indicating the antibacterial activity ( Figure 6 ). The antibacterial activity increased from 22 ± 1 mm (Figure 6(A) ) to 27 ± 1 mm (Figure 6(B) ).
Journal of Nanomaterials The values of antibacterial activity diameter of the three samples utilized in the study of antimicrobial activity of glycerol-iron oxide thin films are presented in Table 1 .
To highlight the antimicrobial effect of GIO thin films, the GIO thin films deposited on commercially pure Si (100) were exposed to the MRSA. After 2, 4, 6, 12, and 24 h the suspension was collected. After collection, the suspension was incubated on agar medium for 24 h. More than that, the number of colonies forming units per milliliter (CFU/mL) was established. In Figure 7 the antimicrobial effect depending on the time of contact with the surface of the GIO thin films for MRSA was presented.
After 24 h a drastic decrease of the MRSA CFU for the two samples (GIO-1 and GIO-2 thin films) was noticed. As you can see in Figure 7 , the antimicrobial effect occurs just 2 h after the time of contact with the surface of GIO-1 and GIO-2 thin films with MRSA. After 6 h of contact with the surface of GIO-1 thin films, the CFU of MRSA decreased linearly up to 24 h. For the GIO-2 thin films, the antimicrobial effect increased linearly in time between 0 and 24 h. After 24 h, Journal of Nanomaterials the number of MRSA CFU approached to zero. According to the experimental results of the antibacterial studies, the survival bacteria are meaningfully reduced when the amount of glycerol increased. The generation of OH could be the reason why the antimicrobial effectiveness of glycerol layer of iron oxide increased when the amount of glycerol increased.
It is well known that in recent years nanotechnology has made major progress. Thus, different types of metals and metal oxides at the nanoscale with antimicrobial properties were obtained [33] [34] [35] [36] [37] . Due to their low toxicity to humans and their antimicrobial activity, silver nanoparticles have been intensively investigated [34, 38] . More recently, the first studies on antimicrobial silver doped hydroxyapatite were reported by Ciobanu et al. [39, 40] . Iron oxide nanoparticles have been widely used in biomedical research areas due to their special magnetic properties, their surface properties, and their biocompatibility. A major challenge is represented by the production of a magnetic drug delivery system in which magnetic nanoparticles coated with drugs can be directed to infection sites by an external magnetic field [41] . Along this line, we try to find an alternative treatment based only on iron oxide nanoparticles, without the use of antibiotics. Touati [42] in his research on iron and oxidative stress in bacteria showed that reactive oxygen species (ROS) generated by magnetite nanoparticles could kill bacteria without killing healthy cells (cells nonaffected by the bacteria). Our present study on the evaluation of the inhibitory effect of glycerol-iron oxide layer on MRSA bacterial strain could be included in the common effort to find alternative solutions to antibiotics for the treatment or prevention of microbial infections.
The results of our studies are in good agreement with previous studies conducted by Saegeman et al. [43] . In the study on short-and long-term bacterial inhibiting effect of high concentrations of glycerol used in the preservation of skin allografts [43] it was shown that glycerol certainly induces bacteriostasis. Poirier et al. [44] have demonstrated that a prolonged stay at a specific activity of the water activity, (measure of the amount of unbound water that is freely available for microorganisms), is not supported by bacteria. This could demonstrate the bacterial inhibition effect of glycerol because most organisms cannot cope with a low specific water activity . Moreover, Mille et al. [45] showed that glycerol solutions reduce the water content necessary for the bacterial cells.
According to the results presented in this research, it can be concluded that the glycerol-iron oxide thin films possess antimicrobial properties against MRSA bacterial strain. It can be stated that the glycerol-iron oxide layer could be used in the medical field to prepare a new antimicrobial product.
Conclusions
In this research, the glycerol-iron oxide thin films were obtained simply by spin coating deposition method on a silicon (111) substrate. The XRD patterns of glycerol-iron oxide thin films conserve the structure of glycerol coated iron oxide nanoparticles. The structure of glycerol-iron oxide thin films is homogenous and the size of the spherical microspheres increases with the increase of glycerol amount. The GDOES spectra performed on glycerol-iron oxide thin films reveal the distribution of the main elements Fe, O, C, H, and Si. The thickness of thin films has been affected by the concentration of glycerol in the glycerol-iron oxide nanoparticles solution.
MRSA bacterial strain presented an inhibition zone which increased when the glycerol amount in the samples increased. In addition, the glycerol-iron oxide thin films showed better antibacterial performance when the amount of glycerol increased. In conclusion, we can say that the present research proposes a new antimicrobial product that could be used for various medical applications involving inhibition of antibiotic-resistant bacteria.
